ABSTRACT
DEVELOPMENT OF MULTIPLEXED SYSTEMS
Early multiplexes consisted of few loci that were based on simple short tandem repeats (STRs). The four-locus "quadruplex" was probably the first to be widely used (44) ; because it consisted of few STRs, the match probability was consequently high-1 in 1 0 000. In 1996, a six-locus STR system (57, 58) combined with the amelogenin sex test (61) was introduced-known as the "second generation multiplex" (SGM). Because this system utilized complex STRs D21S11 and HUMFIBRA/FGA (47) , which have greater variability than simple STRs, the match probability was consequently decreased to 1:50 million. In the UK, the introduction of SGM coincided with the implementation of the UK National DNA Database (75) . More than a million samples are now stored on the database. As databases become much larger (numbering several millions), it is necessary to ensure that the match probability of the system is sufficient to minimize the chance of two unrelated individuals matching accidentally. Consequently, a new system known as the Amp F l STR ® SGM Plus ™(Applied Biosystems, Foster City, CA, USA) (18) was introduced in 1999 and comprised 10 STR loci and amelogenin, replacing the previous SGM system. The probability of a match between two unrelated people is approximately 10 -13 . For a full DNA profile, our practice is to report a default match probability of less than 1 in 1 billion. This figure is conservative relative to sampling error and F st corrections (25) . To ensure the continuity of the DNA database so that the new system could be used to match samples that had been collated in previous years, all six loci of the older SGM system were retained in the new Amp F l STR SGM Plus system.
Development and Harmonization of National DNA Databases
The harmonization of STR loci has been achieved by collaboration at the international level. Notably, the European DNA profiling group (EDNAP) carried out a series of successful studies to identify and recommend STR loci for the forensic community to use. This work began with an evaluation of the simple STRs, HUMTH01 and HUMVWFA (43) . Subsequently, the group evaluated D21S11 and HUMFIBRA/FGA (31) . Recommendations on the use of STRs have been published by the International Society of Forensic Genetics (7, 51) .
To date, several European countries have legislated to implement national DNA databases that are based on STRs. In Europe, there has been a drive to standardize loci across countries to meet the challenge of increasing crossborder crime. In particular, a European Community (EC)-funded initiative led by the European Network of Forensic Science Institutes (ENFSI) was responsible for coordinating collaborative exercises to validate commercially available multiplexes for general use within the EC (34) . National DNA databases were introduced in 1997 in Holland and Austria, 1998 in Germany, and 1999 in Finland and Norway. Furthermore, databases are currently planned for Belgium, Sweden, Denmark, Switzerland, and Spain. A parallel process is occurring in Canada (28, 67) and the US (42) where standardization is based on 13 combined DNA index system (CODIS) loci (Table 1) .
Based on the initial EDNAP exercises and on recommendations by ENSFI and the Interpol working party (46) , four systems were defined as the European standard set of loci-HUMTH01, HUMVWFA31, D21S11, and HUMFI -BRA/FGA. Recently, three additional loci were added to this set-D3S1358, D8S1179, and D18S51. These loci are included in the multiplexed commercial systems of Applied Biosystems and Promega (Madison, WI, USA) ( Table 1) .
A great advantage of STRs is that they are reliably easy to identify and collate, regardless of the analysis platform that is used. Typically, in European laboratories, flatbed automated fluorescent sequencers are utilized, whereas in North America, singlechannel capillary gel electrophoresis (CE) instruments are predominantly used. For high-throughput laboratories, interest is growing in the utilization of multichannel CE instruments.
The UK National DNA Database
The UK National DNA Database (75) is projected to reach a target 5 million samples within a few years. The system operates by the analysis of buccal (mouth) scrapes or hair roots taken from any individual suspected or convicted of a recordable offense. These are known as criminal justice samples. The results are stored on computer in the form of a digital code that is based on the nomenclature of each STR. This type of database is known as an intelligence database. During normal casework, operational laboratories carry out the analysis of crime material such as semen or bloodstains. The DNA profiles derived from these samples are compared against the criminal justice samples in the existing database. If a match is found, then police are informed to enable further investigations. Although DNA profiling was primarily used to solve serious crimes, the majority of matches currently originate from petty offenses such as burglary, although these may result in matches to more serious offenses.
Population Databases
Population databases are distinct from intelligence databases. The former are used to calculate the rarity of a profile in a population to give an indication to the court of the strength of the DNA evidence. Because allele frequencies are different between racial groups, it is the usual practice to collect databases from the major racial groups that comprise the most common population groups of a country. Populations are composed of subpopulations that may be distinct as a consequence of the nonrandom mating that results in incomplete mixing. Consequently, the greatest differences are found between racial groups such as White Caucasian and African, and relatively minor differences are found between groups that are the same race but live in different locations. The question is whether the database that is utilized is representative, given that most databases used for forensic purposes are based on broad, random collections of racial groups that do not necessarily take into account subpopulation structure. For example, there are three different databases that are used in the UK-namely, White Caucasian, Afro-Caribbean, and Asian (Indian subcontinent). The Asian database comprises people whose ancestors originated from a wide geographical and cultural background.
The National Research Council (NRC) report (50) took the view that the subgroup to which the suspect belongs is irrelevant, since it is the probability of the evidence if the suspect is innocent and the crime was committed by a random individual. Foreman et al. (26) pointed out that it is the ethnicity of the offender that is relevant and not the ethnicity of the defendant. However, if the court wishes to evaluate the scenario in which it is claimed that the subpopulation of the offender is the same as that of the suspect (e.g., if all potential suspects are from a particular locality or group of people), the question arises of whether the database is representative.
To answer this question, fairly extensive studies have been carried out to measure the genetic differences between different groups of people (4, 10, 25, 26, 30, 73) . These studies support the notions that differences between subpopulations are low and discernable differences are unlikely within cosmopolitan populations. However, the theoretical variation between subpopulations can be accommodated by the use of a correction factor (F ST ) (5) . Differences between subpopulations are minor, and F ST is less than 1% (unless the population is highly inbred). This means that inferences derived about the frequencies of alleles in a specific subpopulation for which a database is not available can be accommodated by using a general database as long as F ST is considered.
Assessing the Strength of the Evidence from a Match Derived from the Intelligence Database
The strength of the DNA evidence resulting from an intelligence database match is always presented as a frequency or likelihood ratio (LR) calculated from a relevant population database. The question of whether searching an intelligence database for a match affected the strength of the evidence was addressed by the NRC report (50) . They recommended that an adjustment be applied by multiplying the match probability ( Pm i ) for the ith genotype by the number of people on the database, resulting in an adjusted estimate ( Pm). Using an example of an intelligence database of N= 1000 and a multiplex with Pm i of 10 -6 , this would result in a Pm of 0.001. Balding and Donnelly (3) have criticized the above approach on the grounds that the weight of the evidence for a DNA database search can be expressed as Pm i , which is the match probability unadjusted for the number of people in the database. However, they advise the use of a very low prior probability unless there is any other non-DNA evidence to implicate the suspect.
Stockmar (59) reevaluated the NRC recommendation by defining the formulation of two alternative hypotheses that compared the probability of the evidence if the source of the DNA profile is in the DNA database ( pE | H in ), compared to the probability of the evidence if the source of the DNA profile is not in the DNA database ( pE | H not_in ):
Whereas the DNA Advisory Board (19) accepted both methods to be legitimate, they continued to support the NRCII recommendations on the grounds that Bayesian logic (i.e., the use of prior odds) was not required for its formulation.
At a very practical level, the same calculation can be used to determine the chance of an adventitious match on the DNA database. This is defined as a match between a crime-stain profile and an innocent individual whose profile is derived from a criminal justice sample. Consequently, the larger the intelligence database becomes, the greater the chance of an adventitious match. Alternatively, the greater the match probability is of the DNA profiling system used, the greater the chance of an adventitious match.
Suppose that there are 1 million samples in an intelligence database. If a multiplex system is used that has a match probability ( Pm i ) of 5 × 10 -8 (as for the SGM), then Pm i ×N= 0.02 and this means that approximately 1 in 50 samples (for which the true match is not in the database) that are compared to this intelligence database will match by chance. Clearly, much lower match probabilities are needed to accommodate large intelligence databases. It is projected that databases of several million will exist within the next few years. Therefore, the question arises of how low the match probability should be.
As the database grows, it is implicit that the match probability needs to be reduced to keep the potential number of adventitious matches to a minimum. To fulfill this requirement, the SGM system was upgraded in 1999 in the UK. The six original loci were supplemented by four additional loci to produce the Amp F l STR SGM Plus system (Table 1) . Consequently, a much lower random match probability was achieved (10 -13 ) (25) . Now the chance of an adventitious match against a database size of 1 million is just 10 -7 or 1 in 10 million samples. If a database reaches a size of 5 million, then the chance of an adventitious match (for full DNA profiles and unrelated individuals) is 1 in 2 million samples.
To put this in perspective, the only relevant comparisons are between criminal justice samples and crime samples (rather than comparisons within the database itself). Whereas approximately 1 million DNA profiles are currently retained on the database, to date, they have been compared against approximately 10 0 000 samples taken from crime scenes. This means that the ratio of crime-stain profiles to criminal justice profiles is approximately 1:10. Consequently, adventitious matches between crime-stain profiles and criminal justice profiles are much less likely to occur than in comparisons between criminal justice samples only. Given the target size of the intelligence DNA database and the lower number of comparisons with crime samples, the match probability of the Amp F l STR SGM Plus system should suffice for the foreseeable future.
Additional loci further decrease the match probabilities. This may be important for countries where the population is much larger than that of the UK and the consequent target size of the database may be larger. The Promega 16-plex (Powerplex ® 16 BIO System) and the Applied Biosystems 16-plex (Amp F l STR Identifiler ™) systems have match probabilities in the region of 10 -17 . Only 1 in 10 11 individuals will match an individual in a database of 1 million, increasing to 1 in 5 ×10 10 in a database size of 50 million individuals. However, it must be noted that these calculations ignore two important effects: ( i ) close relatives (especially brothers) will have a greater probability of matching each other, and ( ii ) partial DNA profiles will have much higher match probabilities.
The reason that National DNA databases are called intelligence databases arises from the fact that DNA profiles that match suspects do not provide direct proof of guilt or innocence. The strength of the DNA evidence measured as an LR or match probability of a DNA profile is unaffected by potential adventitious matches. However, before going to court, the investigating officers will build the case based on all of the available evidence (e.g., footwear prints, fibers, eyewitness statements, and the presence of the victim's blood on a suspect's clothing).
In cases where there is little non-DNA evidence or the non-DNA evidence suggests that the defendant is innocent, the overall combined strength of the evidence against the suspect is decreased. This can be demonstrated mathematically (21) . However, juries currently assess all of the evidence in a case using an intuitive approach to decide the guilt or innocence.
Uniqueness
Whereas the preceding discussion assesses the chance that a DNA profile will match someone in a hypothetical DNA database, an assessment of whether a DNA profile is unique in an unsampled population requires different considerations. Balding (2) takes the position that something is either unique or it is not-it is not possible to assess objectively unless the entire relevant population has been sampled. Therefore, it is necessary to estimate a probability that is based on the information from the DNA frequency database and population genetics theory. To do this, Balding (2) assesses the question, "Given that we know there is one person with this profile, what is the probability that there are other people of the same type?" To calculate this probability, he takes account of familial relationships within the population, since a suspect is more likely to share the same DNA profile as his brother than a randomly chosen member of the population of size N+ 1. Accordingly, Balding (2) utilizes the following definition, where U is the event that the DNA profile of S , the defendant, matches the crime scene profile and there is no matching individual in a population of unprofiled individuals where pis the random match probability. Uis evaluated against all of the evidence ( E ) presented in the case.
Using an arbitrary P(U| E) > 99.9%, Balding (2) shows that the 99.9% criterion for uniqueness is nearly always achieved when more than 11 STR loci are used and the population size is 10 7 . The assumption is made that the defendant is as likely to have left the crime stain as any member of some specified population. Interestingly, the more STRs are used, the less the contribution to the calculation from unrelated individuals-the calculation is dominated by brothers and, consequently, much larger populations (1 billion) can be accommodated by just 12 loci.
In fact, the Balding calculation is, in both practical and philosophical terms, very similar to that of Budowle et al. (9) , who also consider the conditions where a multiple locus DNA profile may be considered to be unique within the context of a case (source attribution). It is emphasized that an assessment within the context of a world population is not particularly relevant since the pool of potential suspects must always be limited. Budowle et al. (9) use the binomial formula:
This is the same as the numerator of the Balding (2) formula. When both N and pare small, then the denominator, 1 + NpϷ 1. With either formula, using an estimate of N= 260 million (approximately the size of the US population), a random match probability of less than 3.9 ×10 -11 will confer at least 99% confidence that the evidentiary profile is "unique" in the population, under the assumption that relatives are excluded from the pool.
Whereas Balding (2) recommends the calculation of both related and unrelated individuals in the population, Budowle et al. (9) take the stance of always considering the relatives in a separate calculation only if relevant to the case. It may be considered that relatives could not have had access to the crime scene. If the case scenario requires a consideration of relatives, then, clearly, the population of suspects must be very much smaller than for a general population. Chakraborty et al. (12) report that the most common conditional probability for a 13-locus STR DNA profile is expected to occur in no more than 1 in 4 0 000 among full siblings.
The greatest difference between the Balding approach and that of Budowle et al. seem to rest on a philosophical issue. Balding asserts that source attribution is impossible if there is substantial non-DNA evidence that supports the innocence of the defendant. Conversely, the DNA Advisory Board (19) stated, "If the DNA evidence appears to have come from the defendant, then the only reasonable explanation is that it did come from the defendant and other explanations of the data should be examined". In particular, the relevance of the evidence may be an issue-it is possible that there are innocent reasons for the transfer of a DNA profile (this is an especially important consideration relating to low copy number DNA profiling in which the transfer of DNA may not be attributable to a particular body fluid). The combination and weighting of different kinds of evidence to decide guilt or innocence (of which the DNA evidence is one facet) is a question for the jury.
Interpretation of Mixtures and the Identification of Genetic Anomalies, Stutters, and Other Artifacts
Powerful methods based on LRs have been developed by Evett et al. (20) and Weir et al. (74) to interpret mixtures. However, these models presuppose the unambiguous identification of alleles before analysis and take no account of their relative peak areas. The use of automated sequencer technology makes it relatively simple to collect not only qualitative but also quantitative information (i.e., allele peak height and peak area). When mixtures are simple, originating from two individuals, and the ratio of admixture is less than 1:2, it is possible for the analyst visually to separate the alleles into major and minor components and to use this quantitative information in subsequent interpretation. This is normal practice in our laboratory casework. The method relies on the experience of the expert who uses the rationale outlined by Clayton et al. (15) .
Recently, Evett et al. (22) and Gill et al. (37) have suggested a model to assess mixtures, utilizing the information in the peak area. However, the approach also assumes the unambiguous identification of alleles. Gill et al. (33) have introduced a method to interpret mixtures against a background of artifacts (stutters in particular), and this begins the much needed work to model artifacts to aid interpretation. The process of interpretation can undoubtedly be improved by developing new models that form the basis of programmed expert systems.
Usually, a case will comprise several stains, and not all of these may be mixtures. In addition, the proportions of a mixture will often vary across the stain itself. Ambiguity may be resolved by running additional samples. Interpretation is based on the case in its entirety, and the circumstances of the case may allow conditioning to take place.
Use of Guidelines
The interpretation of mixtures cannot proceed without an understanding of how non-mixtures behave. In multiplexed systems, such as those described by Sparkes et al. (58) , mixtures are identified as multiple banded products at each locus. The bands at a locus will often appear unbalanced, with one or more peaks being markedly larger than the others. The presence of artifacts such as stutters (69) in the profile may affect the interpretation.
Before interpreting a potential mixture, it is important to understand the characteristics of heterozygotes and stutters in terms of their peak areas and relative positions. To assist, interpretation guidelines are used (35) that are construed by the analysis of the multiplex characteristics.
The interpretation of mixtures takes into account allelic peak areas or heights and follows a series of steps that are described by Clayton et al. (15) . Expert systems based on methods such as those described by Evett et al. (22) are also possible.
A mixture can only be identified if the alleles of the minor component are more than the background noise. In practice, this threshold is approximately 1:10. A mixed profile consisting of more than one individual may be evident if a locus is observed with more than two peaks at a locus. However, extra bands or unbalanced peaks may be genetic or non-genetic. To make an objective assessment of a mixed DNA profile, all of the alternative possibilities should be assessed relative to the knowledge of the characteristics of artifacts.
Stutters
Whereas the great majority of artifacts can be logically excluded as nonallelic (35), it is not possible to exclude stutters since they are allelic products, differing structurally from the associated allele by just one repeat unit. It follows that a mixture with alleles from a low-level contribution and stutters associated with the major contribution may be equivalent in size and indistinguishable. Although stutters usually appear in pairs, this is not necessarily diagnostic. If an allele has nonconsensus or partial sequences, then it will tend to stutter less than counterparts consisting of complete repeats (69) .
An understanding of the characteristics of stutters is an important facet of mixture interpretation. Generally, stutters only become significant when the minor profile is one of evidential significance. In the example shown (Figure 1) , if B is in a stutter position, then the minor contributor may be AA, AB, AC, or AD, if B really is a stutter or AB if B is not a stutter.
Nonspecific Artifacts
Nonspecific artifacts are generated as a result of priming from fragments of possibly degraded human or bacterial DNA. When nonspecific artifacts are found within the allelic region, the band shift test described by Gill et al. (36) is particularly useful in excluding nonspecific artifacts; because they have a different sequence to STRs, they usually migrate atypically in the gel.
Software
A common problem is called "pullup". This is defined as a minor peak in a different color directly below a major allele peak. Typically, a blue peak may pull up a green peak directly below it. This is only problematic if the minor peak is coincident with a potential allele. If there is a possibility, then either singleplexing or a repeat PCR is an option to consider.
Poor Operator Technique
The most common problem with flatbed gels is the leakage of a sample from one lane into the next. This is read -R e view C and D) . The minor bands are less than 15% the area of the major bands, and the distance between B and C is 1 repeat unit. Consequently, B could be a stutter.
ily identified by reference to the scan data in GeneScan ® Analysis Software (Applied Biosystems). This is not a problem with CE-based instrumentation.
Masking Effect
A mixture may not always be evident by the presence of multiple bands. This would occur in cases where the contributors to a mixture actually share alleles at a particular locus. Consider two individuals sharing the same alleles (e.g., D18S51 14,14 and 14,15) . If the mixture ratio is 1:1, then the ratio of the 14:15 peak areas will be 3:1, respectively, and pronounced peak asymmetry will be observed.
Suppression of Amplification Efficiency
Peak-area asymmetry outside the normal range for a non-mixture may occur because of a primer binding site mutation. This has the effect of altering annealing and melting temperatures, which changes the amplification efficiency and decreases the resulting signal. If a substitution mutation occurs at the 3 ′ end of the primer, then a mismatch will result and amplification will fail completely, resulting in a null allele. The closer the substitution is to the 5 ′ end of the primer, the less the effect on the amplification efficiency.
Genetic Anomalies
Trisomy or translocations.Both chromosome and gene duplications affect all cells in an individual. In practice, it is impossible to tell the difference without resorting to genetic analysis. If duplication is accompanied by a deletion or insertion of a repeat unit, then three bands of similar size are generated (Figure 2) .
If a gene is duplicated without additional mutation, then only two bands are visible in a 2:1 ratio. In the example in Figure 3 , an XYY individual has a double dose of the Y gene. Note that other loci are balanced, and this argues against the possibility of a mixture. In the multiplex described by Sparkes et al. (58), trisomy or translocation was observed in 1 in 2000 samples at each locus.
Somatic Mutation
If a somatic mutation occurs during embryological development, then two types of cells with different genotypes may coexist, and this leads to a threebanded profile (Figure 4) . The peak areas will depend on the relative proportion of the mutant cell and will not be equivalent. This is arguably the most difficult condition to elucidate because it is possible that not all tissues will demonstrate somatic mutation. The incidence of somatic mutation is variable-out of 12 0 000 samples, not one has been observed at the HUMTH01 locus, whereas the incidence is approximately 1 in 5000 at the D18S51 and HUMFIBRA loci. It is possible that some somatic mutations will be indistinguishable from stutters; therefore, these figures are probably underestimates because they are only recorded if unambiguous.
The genetic phenomena described (trisomy, translocation, and primer binding site mutations) can be verified by the analysis of the reference sample, which should also demonstrate the same anomaly unless a tissue-specific somatic mutation has occurred. In the latter case, confirmation may depend on a reference sample that has the same origin as the case stain, although we cannot completely rule out the possibility that the appearance of somatic mutations could vary over time within tissues such as the buccal lining, which consists of rapidly dividing cells.
To summarize, an understanding of the behavior of the DNA profiling system is important to assess potential mixtures. Loci will behave somewhat differently from each other, but it is possible to generalize. Here are some of the key features: ( i ) the smallest peak area of a heterozygote will usually be greater than 60% of the size of its partner (peak area or peak height); ( ii ) within the previous guideline, the high molecular weight peak is often smaller than the low mol -R e view ecular weight peak since PCR amplifies the latter the most efficiently; ( iii ) stutter peaks are usually less than 15% of the area of the associated allelic peak; ( iv ) stutters are 1 repeat unit (e.g., 4 bp for tetramerics) shorter than the associated allele; and ( v ) genetic anomalies such as trisomy are usually rare and consequently restricted to a single locus. The examination of the reference control is useful to resolve features.
LOW COPY NUMBER DNA PROFILING
The development of the PCR technique (48,49,53) was responsible for a dramatic increase in the sensitivity of the DNA profiling technique and enabled the analysis of much smaller amounts of DNA than had previously been possible. The actual amount of DNA required for analysis was decreased by approximately 1000-fold. Samples amplified by PCR between 250 pg and 1 ng are routinely analyzed, compared with (50 ng to 1 µ g) when minisatellites were used.
Increased Range of Evidence Types
The improved sensitivity also led to an increase in the kind of different evidence types that could be analyzed, concurrently improving the success rates of DNA profiling techniques on evidence types that had previously proven to be problematic or largely unsuccessful. For example, the analysis of saliva was demonstrated on cigarette butts (40), envelope flaps, and stamps. It was also demonstrated that DNA profiles could be recovered from saliva associated with bite marks (62) and from debris underneath fingernails (70) . When DNA degrades, it decomposes into short fragments; hence, conventional Southern blotting techniques are not very successful because minisatellites are typically greater than 1 kb. On the other hand, the sizes of STRs that are analyzed are typically between 150 and 450 bases. The size of DNA fragments that could be analyzed was very much smaller than those used with non-PCR techniques.
Controlled studies by Frank and Llewellyn (27) demonstrated the efficacy of STR DNA analysis on bone samples up to 18 months old and muscle or bone marrow up to 8 weeks old that were maintained at ambient temperature. Hoff-Olsen et al. (41) successfully analyzed DNA from bodies up to 90 days after death-noting that the success rate for shorter STRs was improved. This suggests that primers redesigned to be closer to the tandem repeating region of the STR may further improve the efficacy of STR analysis on highly degraded DNA.
The utility of STRs to analyze highly degraded DNA samples in real casework was dramatically demonstrated by the identification of human remains from disasters such as Waco, Texas (13, 14, 76) , the Spitsbergen disaster (52), TWA flight 800 (6), Swissair flight 111 (R. Fourney, personal communication), and the 1998 Philippines air crash (39) . However, Olaisen et al. (52) were able to use minisatellites in the Spitsbergen disaster with a 100% success rate because, before collection, the bodies were at an ambient temperature of approximately 0°C and were well preserved. Conversely, with the Waco disaster, the bodies were badly burned and R e view subsequently highly decomposed after several days at an ambient temperature of approximately 30°C; hence, minisatellite analysis was not possible with these samples. The success rate (with STRs) was 66%-83%. A similar success rate was achieved with the TWA flight 800 disaster where bodies were decomposed and often skeletonized. One area that has received much attention is the use of fingerprint enhancement chemicals on bloody fingerprints. For example, Fregeau et al. (29) showed that the chemicals tested had no adverse effect on PCR provided that stains were less than 54 days old. Andersen and Bramble (1) also demonstrated that light sources used to enhance bloody fingerprints did not affect the success of PCR provided that shortwave UV was not used.
The retrieval of DNA profiles from non-bloody hand or fingerprints where no body fluid was apparent began a new area of the exploitation of the DNA profiling technique. Van Oorschot et al. (65) recovered DNA profiles from surfaces that had been touched, such as the handles of leather briefcases and telephone handsets (primary transfer); furthermore, the amount of DNA that could be recovered by swabbing was surprisingly high. Between 2 and 150 ng were estimated; this allowed analysis using conventional STR techniques. In addition, it was claimed that DNA could be transferred from an object to a person's hands (secondary transfer). However, following a similar experimental design, Ladd et al. (45) were only able to recover 1-15 ng from surfaces; the secondary transfer from individuals consisted of DNA profiles that were close to background and was considered to be uninterpretable. Van Renterghem et al. (66) were able to analyze partial profiles (or better) from 38 out of 116 fingerprints lifted from glass slides using conventional analysis with Amp Fl STR Profiler Plus.
Increasing the Sensitivity by Increasing the PCR Cycle Number
Generally, the lower limits of sensitivity recommended by manufacturers of STR multiplex systems are in the region of 250 pg. Multiplexes usually work at their optimum efficiency when 1 ng DNA is analyzed (57, 58) and not more than 28-30 amplification cycles are carried out. The interpretation of DNA profiles is assisted by using systems that are not too sensitive, and this is important because the scientist often needs to associate the presence of a bloodstain (or other evidence) with the DNA profile itself. A highly sensitive system that may reveal DNA from sources other than the body fluid analyzed would require careful consideration when the evidence was interpreted. rough handling, coughing, or sneezing onto garments to determine if it is possible to transfer DNA casually to evidential material. Nevertheless, forensic scientists always seek to increase the sensitivity of their methods, and the easiest way to do this is simply to raise the number of PCR amplification cycles. Findlay et al. (24) demonstrated that single cells (buccal) could be analyzed when 34 cycles were used with the SGM multiplex system. The interpretation was not straightforward-additional alleles were observed, the sizes of stutters were enhanced, and allele drop-out was common. However, such profiles may be interpreted using robust guidelines. Subsequently, increasing the sensitivity of PCR by raising the number of cycles has been used to increase the range of evidence types analyzed. For example, Wiegand and Kleiber (71) Gill et al. (38) compared different methods available to analyze DNA less than 100 pg, varying cycling conditions between 28 and 60 cycles and concluding that the optimum for both SGM and Amp Fl STR SGM Plus systems was 34 cycles. There was little to be gained by increasing the cycle number further since it did not result in increased sensitivity but encouraged artifact production. The extreme sensitivity of the method suggested that analysis should only be attempted in a sterile environment to reduce the possibility of contamination from personnel within the laboratory itself.
Nevertheless, all methods used to analyze low copy number DNA suffer from several disadvantages that are primarily derived from stochastic variation. When present in low copy number DNA, a molecule that is amplified by chance during the early rounds of the PCR is likely to be preferentially amplified. Therefore, there are several consequences that cannot be avoided: ( i ) allele drop-out may occur because one allele of a heterozygote locus can be preferentially amplified; ( ii ) stutters may be preferentially analyzed-these are sometimes known as false alleles; ( iii ) the method is prone to sporadic contamination, amplifying alleles that are unassociated with the crime stain or sample.
This means that different DNA profiles may be observed after replicate PCR analyses. Tarbelet et al. (63) suggested a method of replicated analyses that comprised a rule that an allele could only be scored if observed at least twice in replicate samples. This theory was expanded by Gill et al. (38) , who adopted Tarbelet's duplication rule and demonstrated that it was conservative in relation to a new LR method that assessed DNA profiles in relation to sporadic allelic contaminants, stutters, and allelic drop-out. Provided that the level of sporadic contamination was not high (<30% per locus), the duplication method was demonstrated to be conservative relative to the LR method. Table 2 gives an example of the derivation of a consensus sequence. The F ′ designation means that allele dropout may have happened. For each locus, the LR is calculated as 1/2 fa , where fais the match probability of the observed allele. If there is no evidence of drop out at a locus that is heterozygous (e.g., D21), then the LR is calculated as 1/2 fafb , where fbis the match probability of the second allele. An example of a spurious contaminant is observed at the VWA locus. However, this does not affect the interpretation since there is only one example and it was R e view 
The consensus result is reported, provided that an allele is observed at least twice. If only one allele is observed, then an F ′ designation is given to denote the possibility of allele drop-out. With most low copy number examples, it is only possible to carry out a maximum of three replicate tests because the sample size is limiting.
Quantification of DNA and Interpretation of Evidence
Generally, there are two different methods that are used to estimate the quantity of DNA in a forensic sample: either ( i ) the dot blot method (68) , which has the advantage that it is human specific, or ( ii ) the use of dyes that intercalate with dsDNA and fluoresce, such as PicoGreen ® (56). If quantification indicates that the amount of DNA recovered is very low (<100 pg), then LCN protocols may be utilized (depending on the case circumstances).
Association of the DNA Profile with the Evidential Material Analyzed
There are two broad categories of evidence types-discrete (e.g., bone and hair) and non-discrete (e.g., bloodstains). When using low copy number DNA profiling, it is generally easier to associate a DNA profile with a discrete evidence type. This is because analysis of bone samples is not attempted without removing the outermost layer by physical methods (e.g., sandpaper) to minimize the possible contamination from modern DNA. Similarly, hair shafts can be washed in a detergent solution to remove adhering DNA. This cannot be done with evidence types that are not discrete (e.g., bloodstained cloth); hence, the chance is increased that a DNA profile may not be directly associated with the evidential body fluid that is "apparently" analyzed. Because there is a serious possibility of transferring low copy number DNA from a modern source, we use the following guidelines to either minimize the chance of contamination or to identify an occurrence: ( i ) DNA extractions and reaction setups are carried out in a dedicated laboratory; ( ii ) personnel wear disposable laboratory coats, gloves, and face masks; ( iii ) benches and equipment are frequently treated with bleach (or the equivalent) and irradiated with UV light; ( iv ) PCR amplification is carried out in a separate laboratory or area; ( v ) negative controls are used with every test to demonstrate the absence of contamination; ( vi ) PCR tests are duplicated whenever possible; ( vii ) all results are compared against a staff database; and ( viii ) a database to eliminate the crimescene investigators as potential contributors is also under preparation.
Defining when DNA Transfer Can Occur
Consider a general model to illustrate the potential transfer of DNA before, during, and after a crime ( Figure  5 ). Before and after a crime event, there is the potential for the adventitious transfer of cells. Note that the term contamination is reserved for the transfer of DNA afterthe crime event. Adventitious transfer and laboratory contamination usually involve low levels of DNA.
The association of body fluid and the DNA profile is not implicit. If the body fluid giving a positive presumptive test is small or degraded, then the DNA profile may have originated from an alternative source. For example, a small, degraded blot spot that has given a positive presumptive test for blood might be masked by a fresh saliva stain that, instead, contributes to the observed result. The scientist cannot infer either the type of cell donating the DNA or the time when the cells were deposited.
An estimate of the quantity of DNA is useful to assist in the interpretation of the relevance of a DNA profile. For example, if a visible, fresh bloodstain yields several micrograms of DNA, then it is not unreasonable to associate the DNA profile with the bloodstain. However, the association is uncertain if the bloodstain is minute, old, and yields just a few picograms of DNA. Inevitably, there is a direct relationship between the quantity of DNA present and the relevance of the evidence. The interpretation of the case can only follow after an assessment of all the available evidence, taking into consideration the scenarios offered by the prosecution and defense lawyers. Figure 5 shows that DNA can be transferred at any time before during and after the crime. The foregoing discussion has covered the possibility of adventitious transfer at a period before the crime, and it is implicit that the DNA profile matches a suspect. If the DNA profile does not match the suspect, then post-crime transfer must be considered. Contamination is the transfer of DNA after the crime event. Potential sources of contamination are ( i ) the investigative officers and pathologists at the crime scene, ( ii ) the laboratory staff, ( iii ) cross-contamination from samples processed in the laboratory (e.g., by aerosol), and ( iv ) plasticware contamination (contaminated at the manufacturing source).
Assessment of Contamination Risks
Whereas ( i ) and ( ii ) can be covered by reference to staff databases and the databases of investigating officers, ( iii ) and ( iv ) are more difficult to detect but are minimized by good laboratory design, the use of anti-contamination clothing and facemasks, and the UV sterilization of plastic-ware.
The transfer of DNA by individuals unassociated with the crime, before the crime event itself, is defined as adventitious transfer. When a DNA profile does notmatch the suspect, the following possibilities apply: ( i ) the suspect is not the source, and the perpetrator profile has been visualized; ( ii ) the cells have been transferred by an innocent individual before the crime (perpetrator has not shed the cells)-adventitious transfer ; or ( iii ) the cells have been transferred by an investigator after the crime event (perpetrator has not shed cells)-contamination . Note that mixtures may show DNA profiles arising from a combination of the three different events listed.
The victim's circumstances leading up to the crime event are unknown to the scientist; hence, the possibilities of adventitious transfer cannot be directly ascertained. Once the crime has been discovered, the scene and the associated evidence enter a controlled environment, where the risk of contamination is minimized by the adoption of good laboratory and investigative practice.
The primary risk of contamination is wrongful exclusion -particularly if the contaminant masks the perpetrator's profile. For the converse to apply, wrongful inclusion, either tube mix-up or gross contamination (e.g., the use of pipet tips contaminated in the laboratory-for instance, used twice) would be required. Good laboratory practice renders this a virtual impossibility and is not considered further here.
Purpose of Negative Controls
The negative control acts as a control of gross contamination; that is, it detects a contamination event that has affected one of the reagents used in the extraction or the PCR process itself. Such a contaminant will affect several lanes of the gel.
The negative control also acts as a general "health check" of the system. A spurious contaminant, defined as a few cells or even fragments of chromosomes that affect only one tube in a batch, may be introduced in aerosol or plastic-ware. By definition, at the molecular level, the negative control cannot be used to assess whether samples in an associated batch have been contaminated. The possibility of direct operator transfer is controlled by the comparison of profiles against the staff databases. Negative controls are always prepared in duplicate for every series of tests. If an allele is observed in both negative controls, then this could indicate a higher than normal level of contamination rate for that particular allele, and this observation would prevent the reporting of that allele, while others would be unaffected. In a sterile environment, contamination manifests itself as spurious alleles that usually appear alone (38) . Futhermore, contamination appears randomly so that multiple alleles will be observed over a period of time. Currently, we model the chance of observin ga spurious allele the same as the frequency in the general population. We theorize that contaminants observed in sterile environments are probably derived from fragments of chromosomes that are present in aerosol wherever people are present. The level of contamination is continually monitored by reference to the negative controls. These data are used to assess the chance that a spurious allele will appear in a non-control sample. The chance that a spurious allele appears in a negative control is the same as the chance of it appearing in a non-control sample.
Transfer and Persistence
There is currently a considerable lack of understanding about the issues of transfer and persistence. Further work is being undertaken in this area. The ways by which DNA may be transferred to objects can be subdivided into two categories, primary transfer and secondary transfer.
Primary transfer occurs when DNA is transferred as a result of physical contact. There is a marked variation between the extents that different individuals shed DNA from physical contact with objects (unpublished results). The amount of DNA remaining at a crime scene may depend on the time since contact, with the best chance of recovery immediately after an incident. The persistence of DNA will also depend on the extent of contact by other individuals.
Secondary transfer occurs when DNA of a person (x) is transferred to an object by a different person (y). This may occur if the suspect and victim have physical contact (e.g., shake hands). Secondary transfer may also occur if two objects are in contact. Currently, there is some evidence (unpublished data) to support the secondary transfer from person to object, although only mixtures have been encountered so far. There is currently no evidence to support the secondary transfer between objects. Experimentation is under way to evaluate secondary transfer.
Current Reporting of Sub-Level 1 Propositions in Statements
In conjunction with the increased use of DNA profiling, there has been a parallel development in the interpretation methodology. In particular, Cooke et al. (16, 17) and Evett et al. (23) introduced the notion of the "hierarchy of propositions". This has led to a much deeper understanding of the interpretative process. Because of the uncertainties that surround persistence and transfer, the statements are written to reflect this. Examples of the wording used in statements are given below. Interpretation depends on a full analysis of the circumstances of the crime and is based on a careful consideration of all of the non-DNA evidence.
Observation of mixtures. With low copy number DNA profiling, mixtures are commonly encountered. It cannot be determined whether recovered DNA profiles are associated with a crime event. An example statement follows. "The observation of mixed DNA STR profiles (i.e., from more than one individual) can be anticipated. For example, from past experience, it is not unusual to detect DNA profiles on items that match the profile of an individual who has habitually worn that item. However, currently, we have no information to assist with questions of transfer and persistence of low levels of DNA on items such as clothing. Thus, consideration should be given as to how the DNA detected has been transferred to that item and, consequently, to the relevance of finding profiles matching the individuals in the case".
In the following statement, two alternatives are considered. No reference is made about the origin of the body fluid type; it is simply stated that DNA was recovered from the item. " Eitherthe majority of the DNA originated from Mr. X or the majority of the DNA originated from someone other than and unrelated to Mr. X. If this DNA had, in fact, originated from Mr. X, then I would expect to obtain matching profiles."
In the summary section, the following paragraphs are included. This statement was specifically written for a case in which DNA from a watchstrap matched a suspect.
When very small amounts of DNA are analyzed, special considerations arise as follows. ( i ) Although a DNA profile has been obtained, it is possible neither to identify the type of cells from which the DNA originated nor to state whenthe cells were deposited. ( ii ) It is not possible to make any conclusion about the transfer and persistence of DNA in this case. It is not possible to estimate when the suspect last wore the watch -if it is his DNA. ( iii ) Because the DNA test is very sensitive, it is not unexpected to find mixtures. If the potential origins of DNA profiles cannot be identified, then it does not necessarily follow that they are relevant to this case. Cell transfer can occur as a result of casual contact.
Effectively, the strength of the low copy number DNA evidence is decreased compared with conventional DNA analysis. This inevitably arises from the uncertainties relating to the method of DNA transfer to a surface and when the DNA was transferred. It is emphasized that the relevance of the DNA evidence in a case can only be assessed by a concurrent consideration of all the non-DNA evidence. Research is currently being undertaken to devise a probabilistic Bayesian method that encapsulates the DNA and non-DNA evidence.
CONCLUSIONS AND PERSPECTIVES

Standardization
STRs are undoubtedly the most important genetic markers to be used in forensic science because they form the basis of national intelligence databases throughout the world. Hence, standardization between laboratories is of fundamental importance, not only within countries but also between countries that need to investigate a cross-border crime. This has led to the development of commercial multiplexed systems that comprise loci that have been agreed upon by working groups that consider standardization (e.g., European Network of Forensic Science Institutes). For example, in the US, there are 13 STR loci used by the CODIS system, whereas there are seven STRs plus amelogenin in Europe. The seven European STRs loci are all included in the CODIS system. The nomenclature has been standardized, assisted by the availability of sequenced allelic ladder controls.
Analysis of Mixtures and Expert Systems
One of the more difficult aspects of STR interpretation is the analysis of mixtures. The original models took no account of peak area and consequently presupposed unambiguous identification of alleles before analysis. The use of automated sequencer technology made it relatively simple to collect qualitative and quantitative information (i.e., allele peak height and peak area). When mixtures are simple, originating from two individuals, and the ratio of admixture is less than 1:2, it is possible for the analyst to separate the alleles visually into major and minor components and to use this quantitative information in subsequent interpretation. The interpretation of the minor components of mixtures is complicated by PCR artifacts such as stutters. These are, by definition, in allelic positions and are consequently indistinguishable from true alleles. New methods utilize the information of the peak area. The process of interpretation can undoubtedly be improved by developing new models that form the basis of programmed expert systems.
Low Copy Number DNA Profiling
The recent innovation of low copy number DNA profiling using STRs has resulted in an expansion of the range of evidence types that may be analyzed. However, the interpretation of DNA profiles against a background of contamination, allelic drop-out, and enhanced stutter is not straightforward and requires a consideration of the primary and secondary transfer effects. Once again, expert systems may be able to assist the interpretative process.
Other DNA Markers
It is important not to lose sight of other innovations. In particular, the special properties of mtDNA (being present in high copy number per cell) are used to analyze very old and degraded materials such as bones and hair shafts. In addition, markers are being developed that actually tell us something about the individual, such as race and hair color. Recently, markers to the Y chromosome have been developed, primarily to assist with the interpretation of male/female mixtures in which the former is in particularly low concentration. However, the major disadvantage of systems other than core STR loci is that they cannot be used in conjunction with intelligence databases; hence, this provides a stimulus to continually improve the utility and sensitivity of STRs, as demonstrated by the development of low copy number techniques.
Once particular STR loci have been chosen to form the core system of a national DNA database, then there are considerable implications if it is decided to move to a new genetic system. Currently, the only contender is singlenucleotide polymorphism (SNP) analysis. For this to be a realistic alternative, the advantages in cost and ease of use will have to be demonstrated.
There will be changes in the platforms used to analyze STRs. Currently, both flatbed gel and capillary gel formats are used. For high-throughput laboratories, there are obvious attractions to using 96-CE machines. Concurrent developments also include the automation of extraction, quantification, PCR setup, PCR, and post-PCR setup. In addition to these developments, the interpretation is also currently the subject of developing expert systems that will effectively result in the substantial automation of the entire process from start to finish. Looking further to the future, platform development will result in faster, cheaper methods, particularly in relation to the miniaturization that may enable analysis at the scene of a crime.
Finally, looking back to 1986, when the first seeds were sown that led to the exponential growth of DNA profiling, it has been shown that its initial promise as a major investigative tool has been realized in ways that could not have been predicted at the time. STRs have led to a massive change in the way in which forensic science is used by the police; in particular, the expansion of DNA analysis to include both serious crimes and petty crimes such as burglary has resulted in the strategic use of DNA to actively reduce crime levels (i.e., by virtue of increasing detection rates and acting as a deterrent). This means that DNA profiling will be firmly on the political agenda for the foreseeable future.
